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ABSTRACT 
 
 
 
Atomic Oxygen (AO) is the main constituent of Low Earth Orbit (LEO), and it is 
responsible for chemical reactions on spacecraft materials that may degrade the 
performance or terminate the usefulness of them, and eventually accelerate the end of the 
life of the vehicle. This situation has make it clear the need to simulate the AO flux of 
LEO in a ground laboratory, to better understand the mentioned interactions. 
 
MSRI and a UTSI team lead by Dr. Frank Collins have heavily modified an 
atomic oxygen generator originally fabricated by Dr. Gar Hoflund that promises to at 
least duplicate the AO flux of LEO. UTSI received the challenge to evaluate the 
performance of this generator. A Quartz Crystal Microbalance (QCM) with silver-coated 
crystals was used for this purpose, since it is the most mature and reliable technology 
available for the task.  
 
The ultimate goal of this research is to assist the Arnold Engineering 
Development Center in its efforts to accurately simulate the LEO environment. 
 
An extensive literature search proved that despite silver-coated QCMs are widely 
used both in the ground and in space, the chemistry between fast atomic oxygen and 
polycrystalline silver films in poorly understood. This thesis is an attempt to provide 
some light into this unknown chemistry. The implicated reactions are critical to properly 
calibrate the QCM instrument and to understand some reactions that take place in outer 
space. 
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AEDC  Arnold Engineering and Development Center 
 
AO  Atomic Oxygen 
 
eV  electron volts 
 
F  Flux 
 
i  Current 
 
L  Length 
 
LEO  Low Earth Orbit 
 
M  Gram-moll mass 
 
m  Atomic mass 
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CHAPTER I 
INTRODUCTION 
 
 
 Atomic Oxygen (AO) is the main constituent of Low Earth Orbit (LEO), and it is 
responsible for chemical reactions on spacecraft materials that may degrade the 
performance or terminate the usefulness of them, and eventually accelerate the end of the 
life of the vehicle. It is believed that the simultaneous action of AO and Ultraviolet 
radiation (UV) can significantly enhance the damaging power of each individual agent.   
 
 To model the interactions between the space environment and spacecraft 
materials, the USAF Arnold Engineering Development Center (AEDC) is actively 
engaged in perfecting its space simulators to include the duplication of the chemical 
environment of LEO. The simulation of LEO-like AO is the most important factor in this 
new endeavor. 
  
 Historically, there have been several generators of AO as described in Chapter IV 
of this Thesis, but none of them were able to duplicate all the characteristics of LEO-AO 
with respect to spacecraft, namely: 
 
• Flux of 1015 atoms/(cm2s) 
• Kinetic energy of 5 eV 
• Ground quantum state 
 
A large surface of coverage , the ability of long periods of operation, and easy of 
maintenance are also desired qualities of an atomic oxygen source for AEDC. 
 
 MSRI and a UTSI team lead by Dr. Frank Collins have heavily modified an 
atomic oxygen generator originally fabricated by Dr. Gar Hoflund that promises to at 
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least duplicate the AO flux of LEO. UTSI received the challenge to evaluate the 
performance of this generator, specifically: 
• number flux 
• energy distribution of the beam 
• flux angular distribution 
• percentage of atomic oxygen ions 
 
 The ultimate goal of this research is to assist the Arnold Engineering 
Development Center in its efforts to accurately simulate the LEO environment. 
 
 Silver-coated QCM crystals are considered by the scientific community to be a 
highly reliable and mature technology to measure atomic oxygen fluxes, with successful 
past experiences in both ground and space experiments. The AO will react with the silver, 
forming a silver oxide, thus increasing the mass of the quartz crystal that holds the Ag 
film. This change in mass will decrease the natural frequency of the crystal. The 
frequency change can be accurately measured by QCM instrumentation, and later 
converted into mass change and flux by equations provided by the manufacturer and by 
Dr. Robert Kreck [Ref. 1]. 
 
To the surprise to the author of this thesis and of his advisor, the understanding of 
the chemistry between fast atomic oxygen and polycrystalline silver films was not 
accurately known, thus bringing into question all of the mass flux measurements that 
were make during this AO source characterization..  This understanding is vital to 
properly calibrate QCM instrumentation for the purpose stated above. 
 
This was the origin of the topic for this thesis: to try to understand the chemistry 
between LEO-like AO and polycrystalline silver films. These studies are planned to be 
continued by the author and his advisor in the near future. 
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 The author of this thesis has been responsible in this research to evaluate all the 
existing methods to evaluate AO fluxes and to propose to the main investigator, Dr. 
Frank Collins, a suitable method for use. Also, he has been in charge of analyzing the 
data and trying to elucidate the chemistry between the atomic oxygen and silver films. 
Assistance was also provided in several other tasks related to this research effort. 
Description of the whole research effort is provided for completeness. 
 
 The following sections contain a brief description of the space environment, of its 
effects on spacecraft materials, and of several methods for generating atomic oxygen. 
Next, our present understanding of the chemistry between atomic oxygen and silver/silver 
oxide surfaces is summarized. Then the experiments performed with the MSRI AO 
generator and QCM are described, as well as the results obtained. Some conclusions, 
recommendations, and proposed future experiments are listed at the end of this thesis. 
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CHAPTER II 
THE SPACE ENVIRONMENT 
 
 
 As “Space Environment” we understand the environment that a spacecraft 
encounters when it orbits our planet above most of the atmosphere. Although outer space 
is considered to be very close to a vacuum, in reality there are chemical elements and 
physical phenomena that can severely impact the ability of a vehicle to fulfill its mission. 
Interactions with the space environment are credited with about 20 to 25% of all 
spacecraft failures.  
 
 Orbiting spacecraft can encounter significant amounts of neutral molecules and/or 
atoms, micrometeorites, manmade debris, all ranges of electromagnetic radiation, and 
charged particles. 
 
 Between 300 Km and 1000 Km, where most of the crewed spacecraft and a 
significant number of other vehicles operate, the main constituent of the atmosphere by 
far is atomic oxygen. This range of orbits is called “Low Earth Orbit” or LEO for short. 
At this altitude, the atmospheric pressure is about 10 orders of magnitude less than at sea-
level, and although a small relative value, it is significant enough to take into 
consideration its effect on spacecraft materials.  
 
 The Neutral Atmosphere, the region where neutral molecules and atoms have a 
higher concentration with respect to ionized particles, is located between 175 Km and 
1000 Km. At these altitudes, the Ultraviolet (UV) radiation from the Sun severs intra-
molecular bonds with a low probability of charging the newly independent atoms. 
Another consideration on the composition of the atmosphere is that gravity makes the 
heavier particles tend to be closer to the surface of the earth than the lighter ones. At 175 
Km the concentration of neutral atomic oxygen takes predominance with respect to N2. 
At 650 Km of altitude, Helium becomes the most abundant atom, a situation that 
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continues up to 2500 Km where Hydrogen takes its place as the element with the highest 
concentration. 
  
Typically, the Space Shuttle and the International Space Station operate between 
300 Km and 650 Km of altitude, and are thus subject to a continuous attack by atomic 
oxygen, element known for being highly reactive. Spacecraft travel at these heights at 
about 8 Km/s with respect to the center of the planet. This means that the relative energy 
between the atmospheric atomic oxygen and the spacecraft surfaces is 5 eV on the ram 
surfaces. Since the thermal velocity of the atomic oxygen about an order of magnitude 
less than this value, 5 eV can also be considered the relative speed between spacecraft 
and AO between 300 Km and 650 Km above the surface of the earth. A beam of 5 eV of 
neutral atomic oxygen is very difficult to generate in the laboratory. 
 
 The information for this chapter has been taken from References 2 to 4. 
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CHAPTER III 
THE EFFECTS OF ATOMIC OXYGEN ON SPACECRAFT MATERIALS 
 
 
 Atomic Oxygen will interact with spacecraft materials by causing atmospheric 
drag and the sputtering of surface materials. I will also react chemically with spacecraft 
causing glow and surface damage [Ref. 4]. 
 
 Atmospheric drag occurs due to momentum transfer between the spacecraft and 
the atomic oxygen neutrals, and results in orbit decay and eventually reentry into the 
earth’s atmosphere. To prevent this, the fuel budget of the spacecraft has to allow for 
periodic burns to increase its altitude. Drag can increase during a solar maximum in 
which the heated atmosphere expands and increases its density in LEO. 
 
 Sputtering is caused when the neutral atoms (or molecules) impact the surface of 
a spacecraft, severing a chemical and/or surface bond, and in many cases severely 
damaging or degrading the surface in question. This phenomena is not intense unless 
spacecraft charging is present, in which case it can alter the properties of shields and 
other equipment. 
 
 Optical glow has been reported on numerous spacecraft and on the Space Shuttle. 
It is attributed to the interaction of the neutral atmosphere with the spacecraft’s materials, 
although the chemical mechanism is not understood [Ref. 2-3]. The glow can interfere 
with remote sensing instruments, and so far the only know way to reduce it is to change 
the composition of the surfaces exposed to the ram direction. Unfortunately, materials 
that to do not glow in LEO tend to be susceptible to chemical attack by atomic oxygen. 
 
 It is known that fast AO reacts with a variety of materials, causing erosion, 
oxidation, damage, and degradation of the surface exposed. Due to launch weight 
restrictions, some of the materials damaged by atomic oxygen are very thin and its effects 
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on the overall spacecraft can be severe and can endanger the mission of the spacecraft or 
reduce its lifespan. 
 
 Atomic Oxygen can react with coatings such as silver and osmium, oxidizing 
them and later these oxides can be lost as volatiles. It can also damage or destroy 
unprotected silver wire used to interconnect adjacent solar cells. 
 
AO can also react with the exhaust plumes of main propulsion systems and/or 
reaction and control systems, creating a cloud of contaminants that will orbit the earth 
around the source spacecraft. Some of the substances of this cloud can adhere to the 
surface, causing a change of properties of the material in question or degrading the 
performance of certain instruments.  
 
Since the attack of AO is of a chemical nature, its effects are not dependant of line 
of sight. Any defect of the protective coating or structure may allow the atomic oxygen to 
attack unprotected materials. Also, due to this chemical nature of the interaction, the 
damage is dependent on the total flux of AO, so the protection of pertinent materials 
needs to consider to total flux at the end-of-life of the spacecraft. The flux of AO in LEO 
is typically 1015 atoms/cm2s. 
 
With this in mind, several means of simulating earth orbit-like AO fluxes have 
been develop. Among the most widely used are microwave discharge, pulsed laser 
discharge, electron bombardment plasma source, etc., but none of them have 
simultaneously the required characteristics: a flux typical of LEO, neutral atomic oxygen 
at ground quantum state, and 5 eV of kinetic energy (to duplicate the relative speed 
between an spacecraft and the AO).  
 
MSRI and Dr. Frank Collins heavily modified an atomic oxygen source that is a 
candidate to simulate LEO-like AO.  
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CHAPTER IV 
ATOMIC OXYGEN GENERATION 
 
 
 Several methods have been developed to generate atomic oxygen. Some features 
of these devices will be discusses in this chapter. 
 
 
Microwave Discharge 
 
 By this widely used method, a strong pulse of energy is used to dissociate O2 into 
atoms. It can also be used to indirectly obtain AO by first splitting N2 into atoms and later 
titrate them with NO (Nitric Oxide) by the following total reaction: 
  
NO + N Æ N2 + O 
 
 By this method, plasmas can be generated that upon reaction, will dissociate O2 
into atoms. The flux generation is controlled by the amount of Nitric Oxide allowed to 
react with atomic nitrogen. 
 
 A problem with directly severing the O2 bond with energy discharges is that it 
will not only create AO, but also other several ions, like O+, O+2, etc. It will also produce 
AO in several quantum states. 
 
 The major advantage of these methods is the creation of fluxes that may be up to 
two orders of magnitude higher than the ones in LEO with of kinetic energies that easily 
reach 5 eV or more. 
 
 See Reference 10 for an example of an application of this technique to generate 
atomic oxygen. 
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Chemical Methods 
 
 Atomic oxygen can be generated by using chemical means to split the O2 
intermolecular bond or by generating O by means of a chemical reaction. An example of 
the former method is the high temperature catalytic dissociation of molecular oxygen in a 
tungsten tube described in Reference 6. 
 
Problems associated with these methods are the low kinetic energy of atomic 
oxygen fluxes that can be obtained. Advantages of the chemical reactions methods are 
that the AO produced are typically in the ground quantum state and that the amount of 
side-products can be easily controlled. 
 
 
Laser-pulse Generators 
 
Most current research is done using this method. It provides a strong pulse of 
energy that will dissociate O2 into O, O+, O+2, etc., although up to 80% can be AO. The 
speed distribution of the atoms and ions can be widely spread, but can reach energies of 
more than two times orders of magnitude higher than AO in LEO. 
 
Its most obvious disadvantage is that it will not only create atomic oxygen, but 
other species as well. These species can also be in different quantum states.  
 
See Reference 12 for an example of a laser-pulse generator of atomic oxygen. 
 
 
Electron Stimulated Desorption 
 
This is the method of choice for the atomic oxygen generator under study and it is 
extensively described in Chapter VII. 
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CHAPTER V 
CURRENT STATUS OF KNOWLEDGE OF THE CHEMISTRY BETWEEN 
FAST ATOMIC OXYGEN AND SILVER-COATED QCM CRYSTALS 
 
 
 An extensive literature search was performed on the state of knowledge of the 
chemistry of atomic oxygen interacting with polycrystalline surfaces of silver and silver 
oxides. More than 200 papers on the subject dating to the 1930’s were found. However, 
no systematic effort has ever been performed to study the reaction mechanism between 
LEO-like AO (5 eV) and silver films, including reaction rates. What follows is a 
summary of what the author considers trustful information gathered on the subject from 
the references 5 to 8, which represents consensus of most literature on the subject. The 
following description assumes that the AO has been generated by means of a radio-
frequency or microwave discharge or laser-pulsed generators. 
 
It has been reported that a polycrystalline surface of silver, in the presence of the 
atmosphere, passivates to a depth of 50 angstroms.  It is possible that this chemical 
reaction is 
 
4Ag + O2 Æ 2Ag2O 
 
After this 50A film of oxide has been built up, the crystal is no longer reactive to 
molecular oxygen. Beyond this, it will require very high temperatures and pressures for 
molecular oxygen to react with silver. 
 
When exposed to the beam of atomic oxygen the mass on the silver-coated cryatal 
of the QCM first decreases due the loss of physically adsorbed molecules.  This period is 
then followed by a decrease in frequency that quickly becomes linear (see for example 
Figure 9).  It is conjectured that two reactions are occurring during the period of 
chemisorption, with the second the predominant reaction after the silver in the passivated 
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silver oxide layer has been consumed.  The sticking coefficient between AO and silver is, 
according to several investigators, between 0.5 and 1: 
 
Ag2O + O Æ (AgO)2 
 
2Ag + 2O Æ (AgO)2 
 
In addition, surface recombination can occur at the surface with a probability of 6 
to 21%  [Ref. 5], given by: 
 
O + O + Ag2O Æ O2 + Ag2O 
 
This recombination will be favored with an increase in temperature on the silver 
surface. 
 
It has been reported [Ref. 8], that the above-described process will give a linear 
dependence between the frequency change of the crystal and the amount of oxygen mass 
added to the film up to a depth of about 250 A of oxide.  
 
After the initial 250A, the concentration of Ag2O becomes about half of that of 
(AgO)2, and at 500A the concentration of Ag2O becomes prevalent with respect to 
(AgO)2. 
 
The literature suggests that the bulk chemical activity between the oxygen and the 
silver within the film may continue for some minutes after the exposure is finished. 
However, this will not change the mass or the frequency of the crystal, which changes 
only as the result of surface chemical reactions.  
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The QCM crystal temperature is controlled at least in part from radiation from the 
AO source. The frequency of the QCM crystal is temperature dependent, but no 
provisions to measure this parameter were taken in our experiments. 
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CHAPTER VI 
QUANTITATIVE METHODS FOR DETERMINING 
ATOMIC OXYGEN CONCENTRATIONS 
 
 
Before the QCM was chosen to measure the mass flux of the atomic oxygen 
source, an exhausting inquiry was made of al the techniques for this measurement. The 
requirements were for in situ measurements, great sensitivity, selectively to atomic 
oxygen, and operation within a vacuum chamber. It should be noted that this search was 
first performed in the understanding that the measurements were going to me be made in 
a fast flow tube reactor; however, the large UTSI vacuum chamber was later chosen.  
 
The QCM was selected because it met these requirements plus the equations for 
data analysis had been previously established. However, this work discovered that the 
chemistry of O on polycrystalline Ag was not well characterized. Thus, the QCM 
measurements could not be accurately analyzed as initially thought. 
 
The other measurement techniques are discussed in this chapter. 
 
 
Catalytic Probe 
 
This method is simple, reproducible, and very sensitive. The probe consists of a 
wire, coil, or foil and it may be movable along a flow tube in which the reactions would 
take place. Its highly catalytic surface is heated by the recombination of reactive species. 
 
 A method very appropriate to perform absolute measurements of atomic 
concentrations was applied to the O-atom reactions by Elias, Ogryzlo, and Schiff. The 
probe is a silver-coated platinum wire coil, large enough so that the temperature rise due 
to recombination is not large. It is operated isothermally at a somewhat elevated 
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temperature and the difference in electrical power required to produce the same wire 
temperature in the presence and absence of O-atoms is measured. The flowrate, F 
[atoms/s] of atomic species is given by 
 
F = R(i02-i2)/(4.8∆H) 
 
where R is the resistance of the platinum wire at the chosen temperature, i0 and i are the 
measured currents in the absence and presence of O-atoms, and ∆H = 58.5kcal/mol is the 
heat of recombination per mole of atomic oxygen. It minimizes errors due to heat losses 
from the detector. 
 
The obvious disadvantage of this method is the lack of specificity. It has been 
reported that oxygen molecules in the metastable state 22.5 kcal/mole above the ground 
state will produce an erroneously large heat release in the detector. This error is avoided 
with the complete absence of O2 in the system. In this scenario, measurements using this 
method are in excellent agreement with values obtained by NO2 titration. 
 
 
Wrede-Harteck Gauges 
 
 This gauge operates by measuring the pressure difference between a discharged 
gas of both molecular and atomic oxygen, and an enclosed region connected to the 
former by one or several small holes or slots. Molecules and atoms effuse into the 
enclosed volume, but only molecules return, because an efficient catalyst for 
recombination is placed in the enclosed space. Simple mass balance would yield the 
following relationship: 
 
α = 3.34 ∆p / p 
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after the steady state has been attained. In this formula, p is the pressure of the discharge 
gas, ∆p is the measured difference in pressure, and α is the fraction of atomic species. 
 
 This method has the advantage that excited species do not interfere with the 
measurement. Added inert gases contribute equally to the mass flow through the orifice 
from both sides and does not affect ∆p. There is considerable specificity in the O/O2 
system. 
 
 One limitation of the method is that it is required to measure small pressure 
differences; it has been shown that a ∆p of 10-4 mmHg can be detected. Another 
limitation is the time required to attain equilibrium, given by to the following relation: 
 
time = 2.1*10-4 * V / A   [s] 
 
where V is the enclosed volume and A is the area of the hole. A typical value of A is 0.1 
time the mean free path of the gas. It has also been shown that conventional probes would 
not be useful in pressures in excess of 0.5 mmHg. 
 
 
Silver Film Resistance Change 
 
 This sensor uses the change in resistance of a thin silver film as it is oxidized 
when exposed to atomic oxygen. The progressive conversion of the silver into non-
conducting silver oxides causes the film resistance to increase, the extent of which 
depends on the total fluence (integrated flux) of atomic oxygen to which the film is 
exposed.  
 
 The relation between the resistance, R, of the sensing film and its dimensions is 
simply given by 
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R = ρo ( 1 + 3λ/(8τ)) L / W τ 
 
where ρo is the resistivity of the conductor, L is the length, W is the width, and τ is the 
thickness of the sensing element. λ is the mean free path of the conducting electrons in 
the silver film, around 530 A for films between 200 and 4000 A of thickness. 
 
 The oxidation process apparently involves three stages. The fist stage results in a 
linear change in resistance for an oxide layer up to a depth of 340 +/- 100 A. This is 
typical of a process controlled by surface reactions. The second stage appears to be 
parabolic, which is a typical response of a process controlled by diffusion. This makes us 
conclude that the oxide layer formed does not inhibit the transport of oxygen atoms until 
a depth of approximately 340 A of oxide. 
  
 The final stage involves a rapid increase in the rate of change of the resistance, up 
to an oxide depth of about 400 A. This later stage is believed to be an end-effect caused 
by the breakdown of the very thin conduction films into discrete islands, and the data 
collected on this range in not reliable. 
 
 One disadvantage of this method is that it requires calibration with a known 
source at atomic oxygen to obtain a plot of film resistance vs. flux for a particular film 
thickness and time dose. It also involves care in the design of the probe to prevent its 
mechanical failure due to its thin thickness. 
 
Once calibration in performed (or one of the published ones is used), it presents a 
reliable, accurate, and reproducible method to determine the flux of atomic oxygen. The 
silver film may react with other substances, so special precautions should be 
implemented to guarantee that only atomic oxygen reaches the probe. However, this ins a 
problem with the silver-coated QCM crystals as well. 
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NO2 Titration 
 
 This is the recognized standard against which to compare all other methods. It is 
based on the following reactions: 
 
NO2 + O —> NO + O2 
 
NO + O —> NO2 + hυ 
 
 The technique involves the careful measure of the input flow rate of NO2 into a 
fast flow tube. Flow meters for this purpose can be calibrated by NIST. The first reaction 
is about five orders of magnitude faster than the second. No photon emission would take 
place from the second reaction when the number density (flow rate) of NO2 and O are the 
same. 
 
 When the flux of O is higher than that of NO2, the second reaction would begin to 
take place and light emission would be present. This emission would be a greenish-
yellow after glow that has been well determined by spectral analysis. When the number 
density of O doubles that of NO2, the maximum light emission would occur. The 
concentration of NO would remain constant during the process. 
 
 This glow can be detected by means of a photomultiplier, so that the end-point of 
the titration can de determined with precision using a modulator and lock-in amplifier. 
This method is highly sensitive and specific. It has been successfully applied to pressures 
below one torr, and the presence of neutral gases such as Argon does not interfere with 
the measurements. However, the reactions require two chemically-active collisions and 
so the technique can not be used at pressures much lower than one torr. 
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Quartz-Crystal Micro Balance (QCM) 
 
 Highly pure quartz crystals have a easily quantifiable and very stable natural 
frequency. For our application, a crystal is coated with highly pure polycrystalline silver, 
up to a thickness of about 1000 A. The atomic oxygen would react with the silver film 
and thus increase the mass of the silver film/crystal. This change will result in a decrease 
of the frequency of the crystal, and by means of the appropriate calibration equations, the 
mass change, oxide thickness and AO flux can be calculated. The crystal temperature 
should be monitored, since the frequency is dependant on it. However, the normal crystal 
mount does not provide for temperature measurement. 
  
 A great advantage of this technique is that molecular oxygen will not react with 
the silver (after the initial passivation), thus making the instrument sensitive to atomic 
oxygen only. Experience from other researchers shows that the measurements are 
consistent with repeated experimentation and with a high degree of sensitivity (about 1012 
atoms/(cm2s). It also offers the advantage of being possible to be operated remotely. 
 
Based on the reviewed literature, the QCM appears to be the most mature 
technology to measure an AO flux. It has been extensively used in both ground and space 
applications. For this reasons it was chosen as the technique for measuring the O flux 
from the MSRI source. 
 
 An excellent review of methods to quantify atomic oxygen fluxes can be found in 
Reference 13. 
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CHAPTER VII 
THE MSRI ATOMIC OXYGEN GENERATOR 
 
 
As mentioned before on this thesis, it is of paramount importance for the scientific 
community to develop an AO source that can match the conditions of the LEO neutral 
atmosphere.  
 
Outlaw took a novel approach by taking advantage of the properties of silver 
films. On one high-pressure side, the molecular oxygen dissociates and interacts with the 
surface. Then, it dissolves and diffuses thru the membrane without reacting with the 
silver. Upon reaching the downstream side, the oxygen atoms will recombine into 
molecules unless they can be exited to an antibonding state. This requires about 100 to 
500 eV, and can be accomplished by means of a technique called “Electron Stimulated 
Desorption”, or ESD for short.  
 
By ESD, the electrons reaching the surface will excite the atomic oxygen and 
these will in turn leave the downstream silver surface into vacuum with a kinetic energy 
distribution centered in about 5eV with a full width of half maximum 4eV, according to 
preliminary work done by Outlaw and coworkers. However, the ESD technique is not 
expected to prevent all AO recombination, and some molecules may leave the film. 
 
In order to provide an efficient source that could provide a high flux of AO,  
important modifications were performed to it by  MSRI. To increase the atomic oxygen 
flux available to the upstream side of the silver film, and thus the flux of AO thru it, a 
special strong composite membrane was developed, and thus also proving structural 
integrity to the silver film. 
 
The membrane (see Fig. 1) is a mixed ionic-electronic conductor (MIEC), a 
material that exhibits good conductivity for both ions and electrons. For this application, 
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it is composed of two continuous phases: lanthanum strontium manganite (an electronic 
conductor) and yttria stabilized zirconia (an oxide ion conductor).  This membrane is 
highly selective for oxygen, and thus a high purity source of molecular oxygen is not 
required to operate the source. In Figure 2, a diagram of the source can be seen. 
 
 
 
 
Figure 1. MIEC Membrane sputter coated with silver. 
 
 
 
Figure 2. Atomic Oxygen Source Diagram. 
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CHAPTER VIII 
THE UTSI RESEARCH EQUIPMENT & EXPERIMENT SETUP 
 
 
The experiments were performed by placing the MSRI atomic oxygen generator 
and all of the diagnostic equipment inside the large UTSI vacuum chamber.  The vacuum 
chamber was pumped by an appendage cryogenic pump giving the chamber an 
operational pressure in the range of 2-5×10-6 torr.  In this range the mean free path of the 
molecules in the vacuum chamber is 1-2.5×103 cm.  This indicates that molecular 
collisions occur with the vacuum chamber walls and with the experimental equipment 
placed inside it, but rarely with one another. 
 
A reservoir of molecular oxygen was attached to the inlet to the atomic oxygen 
generator (Figure 3).  The reservoir was initially evacuated to the pressure in the vacuum 
chamber and then filled with pure oxygen at a pressure approximately equal to the partial 
pressure of oxygen in the atmosphere.  The source pressure was measured with a 
convection vacuum gauge. 
 
The number flux was measured with an industrial quartz crystal microbalance 
(QCM) manufactured by Syscon International Incorporated, Model CTM-100/MF.  This 
instrument uses a standard 6 MHz quartz crystal.  The crystal mount was water-cooled 
and attached to an aluminum bar inside the vacuum chamber.  The temperature of the 
crystal mount was not measured. 
 
For the present application the manufacturer supplied the crystals with a 1000 
angstrom layer of silver, making them chemically reactive to atomic but not to molecular 
oxygen.  The atomic oxygen number flux was determined by measuring the change in 
frequency of the crystal.  Using equations supplied by the manufacturer, the frequency 
change was converted into a mass change, and thus to an atomic oxygen flux 
measurement.  The data analysis procedures were calibrated by using data and analysis 
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Figure 3.  Oxygen Inlet Manifold 
 
  
supplied by Dr. Robert Kreck of Physical Sciences Inc., Andover, MA (private 
communication).  The equations used for the analysis of the QCM data are given in 
Appendix 1. 
 
The QCM crystal was mounted downstream and on the centerline of the electron 
lens of the atomic oxygen generator.  The distance from the downstream end of the lens 
to the upstream surface of the crystal holder was 4.42 cm.  Beam profiles were measured 
by moving the atomic oxygen generator relative to the fixed quartz crystal.  A close-up 
view of the source is given in Figure 4.  The right-most pieces are the repeller and lens.  
They were designed to form a uniform beam of electrons that would collide with the 
chemically adsorbed O atoms on the silver surface.  The electron energy would then raise 
the O atoms to an anti-bonding state, from which they would desorb. 
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                 Figure 4. Atomic Oxygen Source Close up. 
 
 
The source pressure and the two temperatures derived from the thermocouple 
measurements were displayed on a computer window that was created using a Visual 
Basic program.  The signals were conditioned using a Data Translation DT Series 9800 
USB Data Acquisition Module.  A computer program supplied with the Sycon instrument 
allowed the QCM frequency to be monitored as a function of time. 
 
The composition of the gas within the vacuum chamber was measured with a 
Stanford Research Systems RGA100 quadrupole mass spectrometer, 1-100 amu.  Since 
the RGA was designed to be attached to the outside of an ultra-high vacuum chamber, 
with the close-coupled electronics outside the chamber at atmospheric pressure, it was 
necessary to build a box to enclose the RGA (Figure 5).  The box was kept at atmospheric 
pressure through a flexible hose that was attached to the outside of the UTSI vacuum 
chamber (Figure 6).  This cumbersome attachment prevented movement of the RGA 
requiring it be fixed at a position approximately 1.6 m downstream of the downstream 
end of the lens of the atomic oxygen generator.  It was mounted so that the atomic 
oxygen beam would reach the RGA ionizer perpendicular to the axis of the quadrupole 
mass filter. 
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Figure 5.  RGA Mounted Inside Vacuum Chamber 
 
 
 
Figure 6.  Atmospheric Connection to RGA Housing 
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The RGA is computer controlled, either through a Windows-based interface or 
through a command line program.  Precise mass measurements require use of the 
command line control.  The signal could either be obtained using a Faraday cup or an 
electron multiplier.  The electron multiplier was designed for use in the pulse counting 
mode.  A first stage of pulse amplification of 10 was placed close to the electron 
multiplier, through a pulse amplifier, and the pulses were further amplified using 
Stanford Research Systems pulse amplifier.  Normally the RGA mass profile was 
obtained using the Faraday cup.  Data could be saved in files on the computer using an 
RS-232 interface. 
 
All MSRI membranes were attached to the atomic oxygen generator using the 
same relative axial orientation of the membrane surface, repeller, and lens of the device 
that was originally supplied by Dr. Gar Hoflund.  This was done because no manual was 
received with the Hoflund device and the rational for the various dimensions was 
unknown.  However, maintaining the same relative dimensions would create the same 
potential fields as those chosen by Dr. Hoflund for the original design.  Each membrane 
supplied by MSRI required simultaneously changing all of the source dimensions since 
the membrane supports were supplied in various lengths. 
 
At a vacuum chamber pressure of 5×10-6 torr, a physical surface would be 
covered with multiple layers of adsorbed gases, especially water vapor.  No attempt was 
made to clean the silver surfaces of either the source or the QCM crystal since they would 
have remained clean for only a fraction of a second.   
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CHAPTER IX 
SILVER-COATED QCM CRYSTALS EXPERIMENTS 
 
 
Experimental Procedures 
 
The experiments were performed in the following sequence of steps: 
• Water lines were checked for leaks. 
• All wires were checked for continuity. 
• A new quartz crystal was placed in the QCM holder. 
• A crossover valve was opened so that the differential pressure across the oxygen-
producing membrane would never be greater than 100 torr during the vacuum 
chamber pump down. 
• The flag (beam interrupter) was put in front of the QCM crystal. 
• The O-ring on the vacuum chamber door was checked for dust and then the door 
was closed. 
• The mechanical pumps were turned on and remained on until the vacuum 
chamber pressure had reached a pressure of 20×10-3 torr, as measured by the 
convection gauge; when this pressure was achieved the valve between the vacuum 
chamber and the mechanical pumps was closed. 
• The valve between the previously prepared cryopump and the system was opened; 
the cryopump was the only pump that remained on during an experiment. 
• If the pressure did not drop quickly enough, the cryopump was regenerated to 
drive off water vapor and then reconnected to the vacuum chamber. 
• When the chamber pressure had reached about 6×10-6 torr or lower, the 
experiment was begun. 
• The residual gas analyzer (RGA) was turned on through the window-based 
program.  Traces which included the total pressure and an analysis of the 
percentage of important molecules in the vacuum chamber were obtained.  The 
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percentage of water, the most abundant background gas, would decrease as the 
experiment proceeded. 
• The appropriate valves were used to charge the oxygen source to a pressure of 
100 to 150 torr of dry oxygen. 
• The internal oxygen source heater was slowly powered to bring the source 
temperature to the desired value. 
• Power was supplied to the filament in steps, slowly increasing its temperature 
until emission current was detectable with Efilament = -1000 volts.  The final 
filament current value was one of the experimental parameters that was varied.. 
 
After these steps had been completed the measurements could be initiated by 
fixing the experimental parameters.  Data would be taken after moving the flag away 
from the QCM crystal.  Data files would have to be set up to store the QCM and RGA 
signals.  For the experiments reported, the RGA was programmed to measure the O and 
O2 partial pressures as a function of time while the frequency of the QCM was also 
recorded as a function of time.  Computer clock time was used for reference for all data 
files. 
 
At the end of each experiment, the flag was moved back in front of the QCM, the 
data files were closed and saved, power was removed from the internal heater and 
filament, and the RGA was turned off. 
 
 
Data Reduction 
 
 Using the equations listed in Appendix I, the results given in pages 29 and 30 
were obtained. Note that the equations in Appendix I are in error and the correct number 
flux should be obtained from the equation: 
 
No = mf / mAg 
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where mAg is the atomic mass of silver. Thus, the fluxes given in Tables 1 and 2 are 
inflated by the factor MO/MAg = 16/107.87 = 0.148. 
 
To evaluate the reaction efficiency (and indirectly have a idea of the sticking 
coefficient between AO and Ag), a Reaction Efficiency (RE) that takes into consideration 
the AO flux has been defined as: 
 
RE = ∆ frequency / (∆ time x flux) 
 
This factor has been computed for the data sets in Table 3, and results plotted in 
Figure 7. 
 
Since the equations used to compute AO flux assume a constant sticking 
coefficient between AO and Ag (regardless of oxide thickness), a corrected Reaction 
Efficiency (CRE) has been defined as: 
 
CRE = ∆ frequency / ∆ time  
 
This factor has been computed for the data sets in Table 4, and results plotted in 
Figure 8. 
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Table 1. Atomic Oxygen Flux Computations 
 
 
 
Date Time fhigh flow T, sec Flux, cm^2s 
2/26/02 11:42:39 – 
11:44:00 
5973777 5973690 80 5.07E14 
 11:43:43-
11:45:54 
5973705 5973592 120 4.39E14 
 11:46:04 – 
11:48:08 
5973592 5973506 110 3.64E14 
 11:50:01 – 
11:51:52 
5973513 5973454 100 2.84E14 
 11:54:40 – 
11:57:26 
5973411 5973276 200 3.14E14 
 11:58:11 – 
11:59:51 
5973242 5973190 90 2.69E14 
 11:59:40 am – 
12:01:55 pm 
5973188 5973130 120 2.25E14 
 12:00:02 – 
12:02:02 
5973098 5973087 120 4.27E13 
 12:02:18 – 
12:04:29 
5973128 5973058 120 1.165E14 
      
 1:20:31-1:28:35 5972960 5972895 400 7.57E13 
 1:30:06-1:34:13 5972531 5972450 125 3.02E14 
 1:30:06-1:34:13 5972643 5972458 225 3.83E14 
 1:33:45-1:39:40 5972621 5972432 325 2.71E14 
 2:08:35-2:12:08 5972460 5972408 166 1.46E14 
 2:24:00 – 
2:27:36 
5972022 5971931 250 1.70E14 
      
2/20/02 9:52:14 – 
9:59:28 
5970680 5970382 400 3.47E14 
 10:03:53 – 
10:10:39 
5970540 5969250 400 1.50E15 
      
2/19/02 11:26:49 – 
11:37:25 
5973543 5973223 600 2.17E14 
 11:39:11 – 
11:46:58 
5973319 5973143 400 1.92E14 
 1:54:18 – 
1:57:04 
5972793 5972753 160 1.16E14 
 2:32:33 – 
2:41:58 
5972205 5972040 566 1.35E14 
 3:00:52 – 
3:05:52 
5971733 5971660 238 1.38E14 
 3:22:03 – 
3:27:26 
5971406 5971320 304 1.30E14 
 4:05:41 – 
4:08:02 
5970889 5970870 130 7.09E13 
      
2/18/02 11:01:39 – 
11:11:28 
 
5974005 5973607 530 3.72E14 
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Table 2. Atomic Oxygen Flux Computations 
and Experimental Conditions 
 
Date Final  
Thickness, A 
Source  
Temperature, K 
Emission 
current, ma 
Ef, 
volts 
Er, 
volts 
El, 
volts 
Flux ×10-14 
2/18/02 37.5 1185 8 -1000 floating floating
- 
3.72 
2/26/02 47.1 1225 8 -1000 -1096 -1107 5.07 
2/19/02 82.8 1205 8 -1000 floating floating 2.17 
2/19/02 92.2 1222 8 -1000 floating floating 1.92 
2/26/02 136 1212 8 -1000 -1096 -1107 0.757 
2/19/02 138 1186 8 -1000 floating floating 1.16 
2/26/02 192 1305 8 -1000 -1096 -1107 1.70 
2/26/02 218 1305 8 -1000 -1096 -1107 1.70 
2/19/02 222 1188 8 -1000 floating floating 1.35 
2/19/02 267 1234 8 -1000 floating floating 1.38 
2/19/02 307 1291 8 -1000 floating floating 1.30 
2/19/02 360 1131 8 -1000 floating -
floating 
0.709 
2/20/02 472 1195 8 -1000 -1096 -1107 3.47 
2/20/02 551 1215 12 -1000 -1096 -1107 15.0 
2/26/02* 52.7 1236 8 -1000 -1096 -1107 4.39 
2/26/02* 62.7 1236 8 -1000 -1096 -1107 3.64 
2/26/02* 68.8 1227 8 -1000 -1096 -1107 2.84 
2/26/02* 89.8 1233 8 -1000 -1096 -1107 3.14 
2/26/02* 100 1233 8 -1000 -1096 -1107 2.69 
2/26/02* 107 1231 8 -1000 -1096 -1107 2.25 
2/26/02* 112 1231 8 -1000 -1096 -1107 0.427 
2/26/02 117 1231 8 -1000 -1096 -1107 1.17 
2/26/02 136 1212 8 -1000 -1096 -1107 0.757 
2/26/02 187 1213 8 -800 -896 -907 3.02 
2/26/02 186 1213 8 -800 -863 -874 3.83 
2/26/02 189 1247 8 -1000 -1096 -1107 2.71 
2/26/02 192 1247 8 -1000 -1096 -1107 1.46 
2/26/02 218 1305 8 -1000 -1096 -1107 1.70 
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Table 3. Reaction Factor Computation 
 
Date Final f Initial f Time interval Flux/e14 Reaction factor Film thickness 
       
18 5973607 5974005 530 3.72 0.202 37.5 
19 5973223 5973543 600 2.17 0.246 82.8 
19 5973143 5973319 400 1.92 0.229 92.2 
19 5972753 5972793 160 1.16 0.216 138 
19 5972040 5972205 566 1.35 0.216 222 
19 5971660 5971733 238 1.38 0.222 267 
19 5971320 5971406 304 1.3 0.218 307 
 
 
 
 
Reaction Factor vs. Film Thickness
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Figure 7. Reaction Factor vs. Film Thickness 
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Table 4. Corrected Reaction Factor Computation 
 
Date Final f Initial f Time interval Reaction factor Film thickness
   
18 5973607 5974005 530 0.751 37.5
19 5973223 5973543 600 0.533 82.8
19 5973143 5973319 400 0.440 92.2
19 5972753 5972793 160 0.250 138
19 5972040 5972205 566 0.292 222
19 5971660 5971733 238 0.307 267
19 5971320 5971406 304 0.283 307
 
  
 
Corrected Reaction Factor vs. Film Thickness
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Figure 8. Corrected Reaction Factor vs. Film Thickness 
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CHAPTER X 
PROPOSED FUTURE EXPERIMENTS 
 
 
• A silver film with a substrate without oxygen should be procured, if possible, to 
assure than the AO flux is the only responsible agent for the presence of oxygen 
on the film. This is needed since some of the oxygen may come from the quartz 
and gold beneath the silver film on the Sycon’s silver-coated quartz crystals. 
 
• It is suggested that a carrousel of crystals be designed to allow extensive studies 
of the AO flux. The carrousel would allow different crystals to be exposed to the 
same AO flux for different periods of time. Subsequent surface analysis at the 
Oak Ridge National Laboratory would result in better understanding of the 
change in surface chemistry with increased oxide layer thickness. 
 
• Another experiment should be set up with a single crystal and same operational 
conditions of the source (to assure the same flux) to create an oxide up to a depth 
of at least 500 A. A measurement of QCM frequency change over the entire 
exposure time will allow one to estimate the relative reaction efficiency between 
AO and Ag as a function of oxide thickness. 
 
• Provisions should take place in the future to find a method for monitoring the 
temperature of the QCM crystals, and to try to quantify its effects on the 
frequency response from the crystal. 
 
• Research is needed to assess if the bulk chemical activity between the oxygen and 
the silver on the film continues for some time after the exposure is finished. 
However, it is expected that the mass added to the crystal should not continue in 
this process. A suitable method for this research still needs to be identified. 
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• A detailed chemical analysis at the molecular level as a function of depth should 
be carried out for both exposed and not exposed silver-coated quartz crystals, to 
determine the actual reaction model between the silver and the atomic oxygen. 
 
• High-resolution pictures to the micron level of the silver coating of the QCM 
crystal before and after exposure to AO should be procured to investigate grain 
growth and its impact on AO diffusion through the silver. 
 
• The speed distribution of the AO beam needs to be determined using a time-of-
flight technique; the complete instrumentation is already available in UTSI. See 
Appendix 7. 
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CHAPTER XI 
CONCLUSIONS 
 
 
The Reaction Factor allow us to conclude that as expected from the references, 
the equations used to compute the AO flux, and information provided by the QCM 
manufacturer, a constant sticking coefficient is assumed regardless of oxide thickness. 
Obviously, this constitutes a source of error in the measurement of AO fluxes by QCMs, 
since incorrectly assumes a constant reaction efficiency between AO and Ag, as shown in 
Figure 7. 
 
We can conclude from Figure 8 that the corrected reaction efficiency reduces as 
the oxide builds up. This is true up to a thickness of about 140 A; after that, it levels out. I 
have found no evidence that the reaction efficiency changes during the removal of the 
first 50 A of Ag2O (mentioned in the literature) with respect of the first 140 A in which 
the reaction is surface-controlled. References explain that the change in frequency with 
time on the same conditions on the first 200 A of oxide should be linear; we found 
otherwise, that is changes according to Figure 8.  
 
After the first 140 A of (AgO)2 formed (according to the references), the reaction 
efficiency levels, presumably due a now diffusion controlled-reaction.  
 
The RGA results indicate that atomic oxygen has been produced in different 
amounts. 
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CHAPTER XII 
RECOMMENDATIONS 
 
 
• Each membrane supplied by MSRI required simultaneously changing all of the 
source dimensions since the membrane supports were supplied in various lengths.  
It is recommended that a standard length be chosen for future devices to make 
their installation easier. 
 
• Additional experiments should be performed to determine the sequence of 
chemical reactions that occur between AO and a silver surface that has been 
exposed to the atmosphere. 
 
• Means should be found to measure the temperature of the QCM quartz crystal. 
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APPENDIX 1 
 
EQUATIONS USED TO ANALYZE QCM DATA 
 
 
 The following equations have been checked against data and computations 
supplied by PSI.  The main equation was supplied by the QCM manufacturer. 
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AN  = Avogradro’s number, 6.022×10
23 /gm mol 
qN  = a frequency constant for the cut quartz crystal = 1.668×10
13 Hz 
qρ  = the density of quartz, 2.648 gm/cm3 
fρ  = the density of the silver film, 10.6 gm/cm3 
fU  = shear modulus of silver film = 2.88×1010 Pa 
qU  = shear modulus of quartz = 3.05×10
10 Pa 
Z  = the Z-factor of the film material = 0.471 
ft  = the chemically adsorbed film thickness, cm 
cf  = the frequency of the loaded crystal, Hz 
qf  = the frequency of the unloaded crystal, Hz 
fm  = the mass of the added material, gm 
fA  = the exposed area of the crystal surface, cm
2 
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fd  = the diameter of the QCM opening, cm 
ON  = the number of equivalent O atoms chemically adsorbed on the     
crystal surface 
Om  = the mass of an O atom, gm 
ˆ
OM  = the molecular weight of an oxygen atom, 16 gm mol 
F  = O flux, #/cm2s 
T  = measurement time over which the flux is measured and the frequency 
difference ( )f q cf fδ = −  is determined 
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APPENDIX 2 
 
DATA LOG 
 
 
February 4, 2001 
 
Replaced the crystal in the QCM.  fo = 5973925 Hz 
 
 
February 12, 2001 
 
Attached the new MSRI membrane.  Its base to tip dimension was 4.072″ = 103.4 
mm.  The membrane was attached to the source using the new water-cooled flange.  The 
inside thermocouple and heater were approximately 1/2″ from the membrane.  The QCM 
crystal holder was positioned on the crystal centerline, 1.74″ downstream from the silver 
surface.  A new filament of 0.010″ in diameter of thoriated tungsten wire was wound on 
the source. 
 
 
February 18, 2002 
 
Heated the source using the internal heater and made the first successful 
measurement of an atomic oxygen flux.  The parameters used for the measurements made 
on this and the following day were as follows: 
 
Pchamber = 5.7×-6 torr 
PO source = 158 torr 
EAg surface = ground 
Efilament = -1000volts 
Erepeller = floating (batteries were later found to be bad) 
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Elens = -1010 volts (the lens battery was still operational) 
Tbase = 170 °F 
iemission = 8 ma 
TO source = 1185 °F. 
The RGA operational parameters for all tests are given in Appendix 5. 
 
The February 18, 2002 test was performed with the source at 1185 °F.  The test 
was initiated by removing the flag from in front of the QCM for approximately 8 minutes 
during which time the electron acceleration voltage was at 0 volts.  The objective was to 
use the radiation from the filament to degas the QCM crystal.  At the end of this period 
the acceleration voltage was decreased to -1000 volts, still with the flag out of the way. 
The silver surface was always maintained at ground potential.  Measurements of the 
QCM frequency and the partial pressure of atomic oxygen in the vacuum chamber were 
then made as a function of time.  At the completion of the test the flag was again placed 
in front of the QCM.  Plots of all of the measurements are given in Appendix 6. 
 
The atomic oxygen flux was determined using the equations listed in Appendix 1. 
 
Later diagnostic tests showed that the repeller batteries had all gone bad; the lens 
battery was alright. The repeller and lens were floating with respect to the remainder of 
the O source but the source still produced a beam of oxygen atoms.  This indicated that 
there was something seriously wrong with the design of the electron beam creation and 
focusing elements. 
 
 
February 19, 2002 
 
The measurements made on February 19, 2002 were designed to determine the 
influence of the source temperature on the atomic oxygen flux.  The flux was expected to 
be a function of temperature because of the increasing rate of diffusion of oxygen through 
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silver with increasing temperature..  The QCM crystal, repeller and lens voltages, and 
electron acceleration voltage were identical to those used on February 18, 2002.  TO source 
was varied from 1131 to 1291 °F. 
 
 
February 20, 2002 
 
The batteries were replaced in the repeller and lens power supply.  Now 
considerably more power was required to obtain iemission = 8 ma than previously.  The 
base thermocouple failed to work.  The QCM crystal had not been changed from the 
previous experiments.  The inside source temperature was approximately 1195 °F.  When 
iemission was raised to 12 ma, the source temperature rose to 1230 °F. 
 
The conditions for the two experiments performed on February 20, 2002 were as 
follows: 
Pchamber = 5.7×10-6 torr 
PO source = 158 torr 
EAg surface = ground 
Efilament = -1000volts 
Erepeller = -1096 volts 
Elens = --1107 volts 
Tbase = 170 °F 
iemission = 8 ma; 12 ma. 
TO source = 1200 – 1230 °F. 
 
The computed fluxes were 3.47×1014 and 1.50×1015 #/cm2s, respectively.  All flux 
computations are given in Table 2. 
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 During this test the filament failed.  Upon opening the chamber, it was found that 
the filament appeared to have reacted chemically with an alumina insulator that had been 
sued to replace a broken insulator. 
 
The silver surface was found to have been completely sputtered away at what 
must have been high electron flux regions between the insulated filament support posts.  
Thus, although the instrument delivered by Dr. Gar Hoflund was reported to have 
produced a uniform electron beam to the silver surface, that was clearly not the case. 
 
 In addition, the silver surface had a bubbled texture, as if high pressure on the 
upstream side had pushed the silver away from the ceramic membrane.  The cause for 
this effect on the film must be examined during future tests since it influences the 
longevity of the device. 
 
At the end of the day the QCM crystal was replaced with a new crystal, having fo 
= 5974038 Hz, and the filament was rewound using a length of 0.007″ diameter thoriated 
tungsten wire that had approximately the same resistance as the original 0.010″ diameter 
wire. 
 
 
February 26, 2002 
 
The purpose of the morning tests was to measure the oxygen beam profile.  The 
oxygen source was recharged with oxygen to a pressure of PO source = 103 torr.  All 
voltages were identical to those used on February 20 for the beam profile measurements.  
Tsource dropped slightly during the beam profile measurement from 1236 °F to 1231 °F.  
The source was moved upward, compared to the QCM crystal, by up to 36 mm. 
 
 In the afternoon an attempt was made to determine the influence of the repeller 
and electron acceleration voltages on the atomic oxygen flux.  Test conditions are given 
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in the lists below.  The tests were terminated when it was determined that the QCM 
crystal had been damaged.  The crystal was removed from the vacuum chamber and 
examined under a microscope. A small indentation was seen on the crystal suggesting 
that the crystal had been struck by a small piece of silver film that flaked off from the 
ceramic membrane.  The precise moment of impact could be determined from the QCM 
measurement (around 1:30 p.m.) and the data taken after that time was erratic, but at 
times was useful.  The flux determined from all linear portions of the QCM frequency 
measurements is reported along with the other flux computations in Table 1. 
 
 Decreasing Efilament to -800 volts, with no change in other potentials, required a 
30% increase in filament current to maintain 8 ma emission current.  This, in turn, 
required reducing the power to the source heater to maintain a constant source 
temperature because of the increased radiant heating of the membrane 
 
 Decreasing Erepeller to -863 volts, Efilament = -800 volts, greatly increased the 
emission current and the filament current had to be reduced by 33% to maintain 8 ma 
emission current. 
 
 The quadrupole mass spectrometer (RGA) was used to see if any detectable 
ionized atomic oxygen was being generated by the source.  The RGA was run under the 
following limiting conditions (as set by the widows-based operating program): emission 
current = 10 µa, electron acceleration voltage 25 volts.  No ionized atomic oxygen was 
observed. 
 
The beam profile was measured on February 26, 2002 using the following 
parameters: 
Pchamber = 6.7×-6 torr 
PO source = 103 torr 
EAg surface = ground 
Efilament = -1000volts 
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Erepeller = -1096 volts 
Elens = --1107 volts 
Tbase = 151 °F 
iemission = 8 ma 
TO source = 1222 – 1231 °F. 
 
Additional tests were taken on the afternoon of February 26, 2002, to determine 
the influence of varying the filament and repeller voltages and to repeat some 
measurements taken at higher source temperatures.  The computed fluxes are given in 
Table 1.  Near 1:30 pm a catastrophic event occurred, making the QCM measurements 
very unreliable and all measurements taken after that time with the QCM are suspect.  A 
close examination of the crystal after the tests showed that the crystal had been impacted 
with something, perhaps a flake of the silver film.  The results will be given but they 
should be repeated with a good crystal. 
 
The first tests varied the voltages.  The test conditions, approximate time, and 
results, are listed below.  Detailed results can be obtained from the figures in Appendix 9. 
 
• 1:22 pm 
Pchamber = 6.7×-6 torr 
PO source = 103 torr 
EAg surface = ground 
Efilament = -1000volts 
Erepeller = -1096 volts 
Elens = --1107 volts 
Tbase = 151 °F 
iemission = 8 ma 
TO source = 1212 °F. 
Flux = 7.57×1013 
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• 1:28 pm 
Pchamber = 6.7×-6 torr 
PO source = 103 torr 
EAg surface = ground 
Efilament = -800volts 
Erepeller = -896 volts 
Elens = --907 volts 
Tbase = 151 °F 
iemission = 8 ma 
TO source = 1213 °F. 
Flux = 3.83×1014 
 
A 30% increase in filament power was required to obtain an emission current of 8 ma. 
 
• 1:36 pm 
Pchamber = 6.7×-6 torr 
PO source = 103 torr 
EAg surface = ground 
Efilament = -800volts 
Erepeller = -868 volts 
Elens = --874 volts 
Tbase = 151 °F 
iemission = 8 ma 
TO source = 1212 °F. 
Flux = 2.71×1014 
The filament power had to be reduced 30% to reduce the emission current to 8 ma. 
 
• 2:11 pm 
Pchamber = 6.7×-6 torr 
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PO source = 103 torr 
EAg surface = ground 
Efilament = -1000volts 
Erepeller = -1096 volts 
Elens = --1107 volts 
Tbase = 151 °F 
iemission = 8 ma 
TO source = 1247 °F. 
Flux = 1.46×1014 
 
• 2:26 pm 
Pchamber = 6.7×-6 torr 
PO source = 103 torr 
EAg surface = ground 
Efilament = -1000volts 
Erepeller = -1096 volts 
Elens = --1107 volts 
Tbase = 151 °F 
iemission = 8 ma 
TO source = 1345 °F. 
Flux = 1.70×1014 
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APPENDIX 3 
 
FEBRUARY 18, 2002 TESTS 
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APPENDIX 4 
 
FEBRUARY 19, 2002 TESTS 
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APPENDIX 5 
 
FEBRUARY 20, 2002 TESTS 
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APPENDIX 6 
 
FEBRUARY 26, 2002 TESTS 
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APPENDIX 7 
 
RESIDUAL GAS ANALYZER OPERATIONAL PARAMETERS 
 
 
11:28:44 AM  Monday, February 18, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 1  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 18, 2002  10:52:23 AM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     oxygen             ,  1.00,    7,  
  OFF 
 
 
12:06:26 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
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Start time, Feb 19, 2002  11:20:19 AM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
 
01:49:48 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  12:07:03 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
02:33:12 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
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CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  01:52:56 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
02:43:29 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  02:33:28 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
03:05:45 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
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Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  02:43:33 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
03:27:45 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  03:05:59 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
04:08:20 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
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Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  03:28:00 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
04:56:57 PM  Tuesday, February 19, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 19, 2002  04:08:37 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
 
10:00:20 AM  Wednesday, February 20, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
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Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 20, 2002  09:32:12 AM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
 
10:11:07 AM  Wednesday, February 20, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 20, 2002  10:01:53 AM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
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12:07:59 PM  Tuesday, February 26, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 26, 2002  10:56:12 AM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
   
01:45:33 PM  Tuesday, February 26, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 26, 2002  01:04:13 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
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1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
 
 
02:40:20 PM  Tuesday, February 26, 2002 
Residual Gas Analyzer Software  
RGA Software Version, 2.30 
 
Pressure vs Time Scan Setup: 
 
Active channels in Scan, 2  
Units, Torr 
Sample Period, 1.00, sec 
Focus Voltage, 90, Volts  
Ion Energy, HIGH  
Electron Energy, 70, eV  
CEM Voltage, 1235, Volts 
CEM Gain, 1.06E+003  
Sensitivity Factor, 1.27E-004  
Filament Current, 1.00, mAmps 
 
Start time, Feb 26, 2002  02:23:14 PM  
Channel,  Mass(amu),     Name,                 Cal Factor,  Noise Floor, CEM Status 
1,   16,     O                  ,  1.00,    7,    
OFF 
2,   32,     O2                 , 1.00,    7,    
OFF 
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APPENDIX 8 
TIME OF FLIGHT EQUIPMENT AND EXPERIMENT PROPOSAL 
 
 
A time-of-flight energy (speed) analyzer was designed with the help of Dr. Mark 
A. Hoffbauer of Los Alamos National laboratory.  Its basic components were the 
following: two closely spaced skimmer cones (30° outside half-angle, 25° inside half-
angle, 3/8” diameter orifice) to form a beam of oxygen atoms, a chopper wheel with two 
diametrically-opposed slits to form a pulse of atoms, a drift distance of 1.5 m followed by 
a third skimmer cone, and the RGA whose output was measured by a Stanford Research 
Systems Multichannel Scaler Model SR 430.  The Multichannel Scaler was used to 
determine the time trace of the pulse (Figure 7). 
 
The chopper was designed with the assistance of Dr. Hoffbauer.  It consisted of a 
6″ diameter sheet of aluminum with two opposing sharp-edged slits of width 0.060″ 
(Figure 8).  The wheel was attached to a Globe Motors hysteresis synchronous motor 
whose speed could be controlled.  The speed controller was made from a sinusoidal 
function generator of variable frequency, a stereo amplifier, and various capacitors, one 
for each speed.  The chopper opening was marked with the signal from a solid state 
device that contained a lamp and a TTL circuit.  The TTL trigger pulse was sent to the 
Multichannel Scaler to initiate a time trace. 
 
This equipment is suggested to be used to determine the velocity distribution of 
the atomic oxygen atoms produced by the source under study. 
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Figure 9.  Time-of-Flight Energy Analyzer Shown with Laser and 
Photomultiplier for Measuring Shutter Function. 
 
 
 
 
 
Figure 10.  Front Skimmers and Chopper. 
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